Anxiety-related behaviors are closely linked to neural circuits relaying fear-specific information to the amygdala. Many of these circuits, like those underlying processing of innate fear, are remarkably well understood. Recent imaging studies have contributed to this knowledge by discriminating more detailed corticoamygdalar associations mediating processing fear and anxiety. However, little is known about the underlying molecular mechanisms. We used the acoustic startle paradigm to investigate the impact of molecular genetic variation of serotonergic function on the acoustic startle response and its fear potentiation. Startle magnitudes to noise bursts as measured with the eye blink response were recorded in 66 healthy volunteers under four conditions: presenting unpleasant and pleasant affective pictures as well as neutral pictures, and presenting the startle stimulus without additional stimuli as a baseline. Subjects were genotyped for functional polymorphism in the transcriptional control region of the serotonin transporter gene (5-hydroxytryptamine transporter gene-linked region: 5-HTTLPR). Analyses of variance revealed a significant effect of 5-HTTLPR on overall startle responses across conditions. Carriers of the short (s) allele exhibited stronger startle responses than l/l homozygotes. However, we could not confirm our hypothesis of enhanced fear potentiation of the startle in s allele carriers. In conclusion, the results provide first evidence that the startle response is sensitive to genetic variation in the serotonin pathway. Despite some issues remaining to be resolved, the startle paradigm may provide a valuable endophenotype of fear processing and underlying serotonergic influences.
Introduction
Anxiety is associated with a spectrum of behaviors, including temperamental traits, conditioned and innate fear, anxiety disorders and depression. Anxiety disorders account for an essential part of all the conditions that psychotherapists and psychiatrists are consulted for. It is thus important that we understand as much as possible how anxiety-related neurocircuits work.
Basic emotions such as fear and anxiety can be seen as prototypes of primitive systems that developed to ensure the survival of organisms. These prototypical systems involve approach to stimuli to enhance or maintain species or withdrawal from dangerous events. The survival systems comprise neural structures and their connections within subcortical areas or in primitive cortex that are directly activated by primary reinforcement and are assumed to be comparable in all mammalian species. 1, 2 Most of the behaviors associated with the withdrawal system, that is, anxiety-related behaviors, are closely linked to neural circuits relaying fear-specific information to the amygdala. 3 However, most of the current knowledge about the neuronal substrates and molecular mechanisms of fear processing is based on animal research. The advent of the genetic variance approach and genomic imaging has rendered it possible to elucidate molecular genetic factors and neuronal circuitries underlying fear processing also in healthy humans.
A recent functional imaging study has underscored the importance of the amygdala for processing fear and anxiety in humans. 4 A series of subsequent imaging studies successively discriminated functionally divergent components of a more extensive amygdala-relayed corticolimbic circuit for fear processing in humans.
anterior cingulate cortex (pACC), which are functionally connected with the amygdala: the rostral and caudal subgenual ACC, which were positively and negatively correlated with amygdala activity, respectively. Furthermore, both regions showed strong positive connectivity with each other, suggesting that they form a feedback loop.
With regard to the molecular mechanisms underlying fear processing, the efficacy of serotonergic compounds in the treatment of depression and most anxiety disorders suggests serotonergic neurotransmission being one of the most important molecular factors modulating anxiety-related behavior. 8 In line with this assumption, the results of the mentioned genomic imaging studies suggest that carriers of the short (s) allele of a functional polymorphism in the transcriptional control region of the serotonin transporter gene (5-hydroxytryptamine transporter genelinked region: 5-HTTLPR), 9 which impairs serotonin reuptake, exhibit greater amygdala activity in response to fearful or threatening facial expressions than individuals homozygous for the long allele (l/l). 4 This finding suggests that increased anxiety in carriers of the 5-HTTLPR s allele 9 might reflect a hyper-activity or responsiveness of their amygdalae. However, recent studies [5] [6] [7] 10 have offered further insights into this hyper-activity revealing that the 5-HTTLPR s allele has strong impact on the corticolimbic feedback circuit described above. Carriers of the 5-HTTLPR s allele showed a significant reduction of amygdala-pACC functional connectivity as compared to l/l homozygotes. More specifically, the findings suggest that the amygdala overactivation in s allele carriers reflect a failure of downregulation of the amygdala response. As a consequence, the anxiety proneness of s allele carriers might not be seen as a simple overactivity of the amygdala complex, but as a basic dysfunction in fear processing.
In the light of these findings, differential amygdala reactivity can be regarded as a most revealing endophenotype for the study of genetic variation of the serotonin system. However, (1) the particular nature of the underlying molecular mechanisms is not well understood up to now and (2) this endophenotype presently is restricted to imaging results without including those parts of amygdala-relayed circuits, which are related to clearcut and valid behavioral phenotypes. Therefore, more comprehensive and differentiated amygdala-related endophenotypes of fear processing including valid behavioral phenotypes are needed.
Here we used the acoustic startle paradigm, which allows the measurement of learned and innate fear responses. In this paradigm, sudden high-intensity noise bursts evoke a startle response, which can be measured by electromyographic (EMG) recordings from the orbicularis oculi muscle. The neuronal pathways mediating this reflex and forming the primary acoustic startle circuit consist of the sense receptor systems and the auditory nerve, the cochlear nucleus, the ventrolateral lemniscus, the nucleus reticularis pontis caudalis (PnC) and spinal motoneurons, the excitation of which gives rise to the acoustic startle response (ASR). Because the startling stimuli of the ASR are aversive and able to induce a state of fear or anxiety, 11 the ASR can be regarded as a means to study innate fear responses.
Furthermore, the ASR can be potentiated by presenting the acoustic startle stimulus in the presence of a cue that had previously been paired with an unconditioned fear stimulus. There is converging evidence that this fear-potentiated startle (FPS) is crucially modulated by the amygdala. 12 In models of this amygdala modulation of the FPS, fear stimuli proceed from sense receptor systems to the sensory thalamus and then to the amygdala complex and to the sensory cortex, which also gives rise to a projection to the amygdala. 13 From the amygdala, there are three basic efferent connections: projections from the central amygdala to the lateral hypothalamic area (autonomic system), projections to the midbrain central gray (freezing and escape behavior) and to the PnC, which modulates the startle reflex. 1, 14 It has been shown that lesions of the amygdala block the expression of FPS. 12 Hence, FPS is a valid tool for the study of amygdala-modulated conditioned fear responses.
Concerning the role of serotonin in the modulation of ASR and FPS, there is evidence that in rats systemic administration of agonists of the serotonin 1A receptor [5-hydroxytryptamine (5-HT1A) receptor] augments ASR amplitudes [15] [16] [17] [18] and reduces or even blocks FPS. 16, 19 In contrast, evidence from human studies is scattered and in part contradictory: while in one study, the selective serotonin reuptake inhibitor (SSRI) citalopram increased the ASR, 20 other studies employing the SSRIs fluvoxamine 21 or sertraline 22 did not find evidence for altered ASR amplitudes. Unfortunately, emotional startle modulation was not examined in these studies. In an emotional startle paradigm, citalopram abolished FPS on unpleasant pictures, but did not alter the ASR on neutral pictures. 23 In two further studies, tryptophan supplementation, which stimulates synthesis of serotonin was found to reduce the ASR, but not to significantly affect FPS in healthy women, 24 whereas tryptophan depletion resulted in an overall increase of the ASR across emotional conditions in a group of recovered depressed subjects, but not in healthy controls. 25 In contrast, another study did not find evidence for altered ASR amplitudes following tryptophan depletion. 26 Taken together, the impact of serotonin on startle response modulation remains to be determined. However, the well-established role of the amygdala in FPS and the genomic imaging findings outlined above provide a strong rationale for the hypothesis that 5-HTTLPR s allele carriers that have been demonstrated to exhibit a stronger amygdala activation in response to fearful stimuli would also show a stronger FPS in the emotional startle paradigm employed in the present study. Furthermore, in order 5-HTTLPR and acoustic startle response B Brocke et al to further elucidate the role of serotonin in startle modulation, we examined whether 5-HTTLPR influences the overall ASR across emotional conditions.
Methods

Subjects
Participants were 62 female and 21 male students at the University of Dresden. Of these, 11 subjects were excluded during data preprocessing because of excessive EMG artifacts or because of virtually no startle responses. Six of the remaining 72 subjects had to be excluded before statistical testing because of outliers (see below Statistical analysis), leaving 66 subjects (17 male) with a mean age of 21.5 years (s.d. = 3.4, range 18-37 years) for the final sample. All participants confirmed that they were without any lifetime psychiatric or neurological diagnosis or treatment. Participants were informed about the aims of the study, consented in the procedure and were either paid 15 euro or received course credits. The study design was approved by the Ethics Committee of the German Psychological Association.
Materials and design
In the startle paradigm used here, acoustic startle probes were delivered alone and during viewing of emotional pictures. The startle stimulus consisted of a 95 dB sound pressure level (SPL), 50 ms burst of white noise with an instantaneous rise time and was presented binaurally over Eartone A3 Audiometric Insert Earphones (Aearo Company, Indianapolis, IN, USA). Pictorial stimuli consisted of 48 affective pictures. Forty color pictures, consisting of 12 pleasant, 12 neutral and 16 unpleasant scenes, were selected from the International Affective Picture System 27 on the basis of their affective valence and arousal ratings by the normative sample. Eight additional unpleasant black and white pictures displaying angry or fearful faces were drawn from a standard set of pictures of facial affect. 28 The picture series comprised 12 different semantic contents, including three pleasant (attractive men, attractive women, erotic couples), three neutral (household objects, kitchen objects, mushrooms) and six unpleasant (attacking humans, attacking animals, mutilated bodies, contamination, angry faces, fearful faces). Each of the 12 contents included four different exemplars. Digitized versions of the pictures were displayed on a 17-inch computer screen at a distance of approximately 1.5 m from the subject's head. Each picture was presented for 6 s and the pictures were arranged in four blocks of 12 pictures. Each block consisted of six unpleasant, three neutral and three pleasant content pictures. On nine of these 12 trials, an acoustic startle probe was delivered during picture viewing. Three of the four picture trials for each content category were accompanied by an acoustic startle probe, which was administered at 0.5, 1.5 or 2.5 s after picture onset. One picture in each content category was presented without a startle probe and used as filler stimuli and was not used for startle data evaluation. The timing of the startle probes during picture viewing was balanced across content categories. Pictures were organized such that not more than three pictures of the same affective valence and not more than three pictures with the same startle onset time could occur consecutively. Otherwise, stimulus order was pseudo-randomized. Finally, in each block, three acoustic startle probes were delivered in the intertrial interval to measure the baseline startle reaction and to further decrease the predictability of the startle stimulus.
Affective rating Evaluative judgements of pleasure and arousal were measured using the Self-Assessment Manikin (SAM). 29 The SAM valence scale shows a graphical representation of a figure with expressions ranging from happy to unhappy, and the SAM arousal scale displays a graphic figure with expressions ranging from calm and relaxed to excited. Ratings of valence and arousal were made on nine-point scales.
Physiological data collection and reduction
The eye blink component of the startle response was measured by recording EMG activity over the orbicularis oculi muscle beneath the left eye, using two AgAgCl electrodes with 4 mm inner diameter. A ground electrode was attached to the left mastoid. Impedance level was kept below 10 kO. The raw EMG signal was amplified by a SynAmps amplifier (NeuroScan Inc., El Paso, TX, USA), sampled at 1000 Hz, filtered Hz band pass), rectified and integrated. Responses to startle probes were defined as EMG peak in a time window from 20 to 140 ms after probe presentation. Trials with excessive EMG artifacts were excluded.
Procedure
After providing informed consent, subjects reclined in a comfortable chair and the physiological sensors were attached. The subject was instructed that a series of affective pictures would be presented and that each picture should be viewed for the entire time it was on the screen. In addition, the subject was told that occasional noises heard over the earphones could be ignored. Then a series of 48 pictures was presented for 6 s each. Between each picture, the computer screen displayed a fixation cross for a randomly generated variable interval, ranging from 11 to 24 s, in order to clear any emotion associated with the previous image. After the picture series was finished, the sensors were removed and subjects were familiarized with the SAM rating procedure. All pictures were presented a second time in the same order. Subjects were told to view each picture as long as they needed to make their ratings for valence and arousal, and then to press the button to turn off the picture and turn on the ratings. After picture offset, participants rated their subjective experience of valence and arousal, using the computerized version of the SAM 5-HTTLPR and acoustic startle response B Brocke et al rating method. 29 Finally, buccal cells for DNA extraction were collected using Catch-All Sample Collection Swabs provided with the BuccalAmp DNA Extraction Kit (Epicentre, Madison, WI, USA). Participants were subsequently debriefed, given credit and thanked.
Genotyping
For genotyping, DNA was isolated from buccal cells using the BuccalAmp DNA Extraction kits and protocol. 5-HTTLPR genotypes were determined by polymerase chain reaction as described by Lesch et al., 9 followed by agarose gel size fractionation. Alleles were designated according to their relative size: s (14 repeats) and l (16 repeats). For statistical testing, s allele carriers (l/s and ss genotypes = S group; N = 35, eight male, age mean 21.274.0 years) were compared to l/l carriers (L group; N = 31, nine male, age mean 21.872.6 years).
Statistical analysis
All analyses were performed using SPSS for Windows 12.0.1 (SPSS Inc., Chicago, IL, USA). In the sample of the 72 subjects who passed data preprocessing, the 48 startle variables (18 for unpleasant, nine for neutral, nine for pleasant and 12 for baseline startle condition) were log-transformed because of the highly skewed distribution of the raw startle variables and the resulting deviation from the normal distribution (Kolmogorov-Smirnov tests, P < 0.20). Subsequently, the log-transformed variables were examined for outliers, especially because after log transformation, still 31% of the variables showed deviation from the normal distribution. Outliers were identified using boxplots, which are well suited for the descriptive analysis of non-normally distributed variables. In boxplots, identification of outliers is based on the interquartile range (IQR, an equivalent of the s.d.). In SPSS and other statistical packages like SAS or SYSTAT, outliers are defined as values below or above 1.5*IQR from the 25th and the 75th percentile, respectively. Subjects were selected for exclusion from further analyses if they accounted for at least 5% of all outliers. Six subjects (three L and three S subjects with very low startle magnitudes) were identified who met this criterion and who jointly accounted for over 90% of all the outliers. After exclusion of these subjects, all 48 log-transformed startle variables were normally distributed (Kolmogorov-Smirnov tests, PX0.30). For the remaining 66 subjects, the average startle magnitudes in the four conditions (baseline, unpleasant, neutral, pleasant) were computed, were tested for univariate normality (Kolmogorov-Smirnov tests, PX0.568) and were then entered into a repeated measures analysis of variance (ANOVA) with condition as a within-subjects factor, 5-HTTLPR genotype as a between-subjects factor and age and gender as covariates. Greenhouse-Geisser corrected degrees of freedom were used where appropriate. There were no associations between the covariates and 5-HTTLPR genotype (age: ANOVA, P = 0.475; gender: w 2 -test, P = 0.567).
Results
Genotype frequencies
The percentages of the 5-HTTLPR genotypes were 47% (n = 31) for l/l, 44% (n = 29) for s/l and 9% (n = 6) for s/s. The genotypes were in Hardy-Weinberg equilibrium (w 2 = 0.05, P = 0.833).
Affective ratings
As the majority of valence and arousal ratings were not normally distributed (Kolmogorov-Smirnov tests, P < 0.20), the medians of the valence and arousal ratings for the different picture categories were compared with each other using the non-parametric Wilcoxon tests for paired samples. The median valence ratings for unpleasant, neutral and pleasant pictures were 2.5, 5.0 and 6.75, respectively, and the median arousal ratings were 4.5, 1.0 and 4.0, respectively. All two-way comparisons for valence, and for arousal, respectively, were highly significant (all Pp0.003). 5-HTTLPR genotype groups did not differ in valence and arousal ratings, although the S group showed a tendency toward lower arousal ratings for unpleasant pictures (non-parametric Utests, P = 0.085; all other PX0.414).
5-HTTLPR impact on acoustic startle and emotional startle response modulation ANOVA showed there were no significant main and interaction effects of the covariates age and gender (all PX0.124). There was a significant condition main effect (F 2.1,127.2 = 5.43, P = 0.005, Z 2 = 0.08). Withinsubjects contrast analyses revealed that the presentation of pleasant pictures resulted in significant pleasure attenuation of the startle (PAS; pleasant vs neutral condition: F 1,62 = 7.39, P = 0.009, Z 2 = 0.11), whereas the presentation of unpleasant affective pictures did not result in significant fear potentiation of the startle (FPS; unpleasant vs neutral: F 1,62 = 2.17, P = 0.146, Z 2 = 0.03). Compared to baseline, the startle response was marginally higher in the unpleasant condition (F 1,62 = 3.26, P = 0.076, Z 2 = 0.05), but insignificantly enhanced in the neutral condition (F 1,62 = 0.78, P = 0.380, Z 2 = 0.01). Furthermore, there were no genotype-specific differences in FPS or PAS as indicated by the absence of a significant condition Â 5-HTTLPR interaction effect (F 2.1,127.2 = 1.14, P = 0.324, Z 2 = 0.02). However, there was a significant 5-HTTLPR main effect on average startle magnitudes across conditions (F 1,62 = 4.28, P = 0.043, Z 2 = 0.07) with the S group showing higher overall startle magnitudes. Table 1 presents the exact values of the mean startle magnitudes and standard errors of means and gives the results of the univariate comparisons of the 5-HTTLPR genotype groups separately for the four conditions. Figure 1 illustrates the genotype differences both at the level of each individual's startle magnitudes in the L and (Figure 1a and b) and at the level of the group comparison (Figure 1c) .
Finally, to exclude the possibility that these results are due to possible influences of affective ratings and especially the S group's tendentially lower arousal ratings for negative pictures, confounding effects of these variables were examined by residualizing the startle magnitudes for valence and arousal ratings (dummy-coded) using linear regression. When entering the residualized values into an analysis of variance with only the picture conditions (because for baseline startle, no affective ratings were available), the results essentially remained the same (5-HTTLPR Â condition interaction: P = 0.385; 5-HTTLPR main effect: P = 0.049).
Discussion
Our genetic variance approach demonstrates that differential serotonin transporter function influences the overall startle response across valence conditions. Carriers of the 5-HTTLPR s allele exhibited stronger startle responses than l/l homozygotes. However, we could not confirm or test our hypothesis that s allele carriers show a stronger enhancement of the startle response during the presentation of unpleasant pictures (FPS), because there was no significant fear potentiation in our sample. That means, albeit s allele carriers showed stronger startle responses in all valence conditions, they showed the same pattern of emotional startle response modulation as l/l homozygotes. This leaves the crucial question unanswered to which extent the observed differences in the startle response are due to 5-HTTLPR influences at the level of the amygdala. A more straightforward explanation for higher startle responses of s allele carriers might be seen in an influence of 5-HTTLPR on serotonergic function at the level of the brainstem or even at the level of motoneurons. 30 It is yet an open question whether the amygdala complex is not only involved in the emotional modulation of the startle response but also in the processing of startling stimuli per se. If the response signal within the usual time window (20-140 ms) integrates several serial projections from different brain nuclei to the PnC, 31 an early involvement of the amygdala complex in the processing of startling stimuli seems possible. 13 While in the model of a primary acoustic startle circuit, the PnC is the most important brainstem site for the evocation of the ASR, other brain nuclei than the PnC also play a role in mediating the ASR. 32, 33 The startling stimuli of the ASR themselves are aversive and can induce a state of fear or anxiety.
11 Therefore and with regard to the finding that field potentials specifically related to the ASR were recorded in the basolateral amygdala, 34 it is suggestive that the amygdala is to some extent also involved in the modulation of the ASR. This view is supported by the finding that the excitatory postsynaptic potentials (EPSP) recorded intracellularly from PnC neurons show multiple peaks that occur at constant latencies, 31 which suggests excitatory input from multiple afferents. Moreover, although amygdala lesions have been demonstrated to block FPS, 35 there is also albeit inconclusive evidence for an impaired overall startle response following amygdala lesion. 36, 37 Hence, we cannot rule out that 5-HTTLPR genotype-specific amygdalar processing of startling stimuli and affective pictures influenced the startle response differences observed in the present study. If, as recent genomic imaging findings suggest, 5-HTTLPR s allele carriers exhibit a stronger amygdala activity during presentation of fearful or threatening stimuli, [4] [5] [6] [7] this stronger amygdala responsiveness to the threatenting startle stimuli may lead to a stronger amygdala innervation of the PnC, and hence to a higher startle response. A further result of the study is the finding that while startle responses of the total group were attenuated when processing pleasant affective pictures, they were not potentiated in the unpleasant condition as compared to the neutral condition. This is in part contrary to our expectations, but this result as well as the enhancement of the startle response even in the neutral condition compared to baseline is to some extent compatible with the usual findings. [38] [39] [40] It has been observed that different sub-categories of neutral pictures produce very heterogeneous effects on the magnitude of the startle response, sometimes surmounting the magnitude of the startle potentiation through categories of unpleasant pictures. 40 Likewise, in the present study a much weaker startle response was observed following viewing kitchen objects than following viewing other neutral pictures. It may be assumed that the processing of the neutral pictures gives rise to additional projections from the associative cortex to the amygdala (nucleus centralis) and then to the PnC. 3 Nevertheless, the result that the enhancement of the response in the neutral condition does not differ in height from that in the unpleasant condition is not in line with the 'classical' findings. Future studies on emotional startle modulation should therefore pay special attention to picture selection.
Taken together, the startle response proved to be sensitive for genetic variation of serotonergic function and hence provides a valuable endophenotype of fear processing and underlying serotonergic influences. Taking into account earlier findings on the impact of 5-HTTLPR on brain function, it can be subsumed that 5-HTTLPR differentially modulates multiple stages of information processing, ranging from (1) fast reflexes as demonstrated here and (2) early sensory processing as shown in recent event-related potential (ERP) studies [41] [42] [43] over (3) short-and middle-latency stages of more conscious emotional processing as observed in the imaging studies mentioned above, to (4) later processes of cognitive response control and error processing as evidenced in the ERP studies of Fallgatter et al., 44, 45 who were the first to report an association between 5-HTTLPR and prefrontal cortex-limbic excitability in a Go-NoGo task and an error-processing task. As different kinds of the startle paradigm afford to examine information processing at several stages, the startle paradigm can be seen as an integrative tool to further our understanding of the serotonergic influences on complex behavior. Future research into the role of 5-HTTLPR in startle modulation should be supplemented by imaging techniques, 46 which may result in a more specific elucidation of the serotonergic modulation of different kinds of fear-processing and related neuronal circuits and behavioral phenotypes. Conversely, genomic imaging data on neuronal circuits underlying anxiety processing might be validated by behavioral data of the startle paradigm and be related to complementary neuronal circuits, which are remarkably well understood.
